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Experimental Observation of Quantum Reflection in the High Energy Limit
V. Druzhinina and M. DeKieviet
Physikalisches Institut, Heidelberg University, 69120 Heidelberg, Germany
(Dated:)
We present first experimental data on the high energy behavior of helium atoms quantum reflecting
from the nanoscopically disordered surface of an α-quartz crystal. The use of the light, stable and
inert He atom not only opens the unique possibility of measuring quantum reflectivity in the thusfar
inaccessible limit of high energies, but also allows the determination of the gas-solid interaction
potential. The specularly reflected intensity from the rough surface shows a change of 5 orders of
magnitude within an incident angular range of less than 6◦. By separating out the influence of
surface disorder the quantum reflection coefficient for the smooth surface is deduced. Firstly, the
data confirm the high energy asymptotic behavior of the reflection, defined by the non-retarded
attractive van der Waals potential −C3/r
3. The experiment shows very good agreement with our
calculations covering the entire energy region, in which also Casimir forces play a role. Parameters for
the gas-solid interaction perfectly match those reported in literature in the vicinity of the potential
minimum.
PACS numbers: 34.50.Dy; 34.20.Cf; 31.30.Jv
Surprising quantum phenomena may occur when the
wave nature of an atom becomes dominant with respect
to its classical, particle-like behavior.An example is the
above-barrier reflection of a slow atom, which’ kinetic en-
ergy exceeds the barrier height [1, 2]. Interestingly, for
this to happen the barrier does not necessarily need to
be repulsive [3]. In the quantum regime, reflection also
takes place from a purely attractive potential, which falls
off with distance r faster than r−2. This was predicted
in [4, 5, 6] for the attractive interaction potential between
a neutral atom and the surface of a solid and recently el-
egantly demonstrated in an experiment by Shimizu [7].
It is not only of fundamental interest, but also has the
practical prospective of using the surface of a solid as an
efficient mirror for ultracold atoms. Quantum mechan-
ically, the reflection coefficient, defined as the ratio be-
tween the reflected beam intensity and the incident one,
grows to unity in the limit of very low impinging energy.
In earlier theoretical works, Cole and Brenig [4, 8] es-
tablish an extremely low critical normal kinetic energy
required for observing quantum reflection from surfaces,
on the order of 10−6 of the interaction potential depth.
Their value is based on a coarse criterion for the break
down of the WKB approximation ( |dλdB(r)/dr| ≈ 1 )
and therefore represents merely a rough and rather con-
servative estimate of the critical energy. Shimizu’s data,
the only relevant experimental data on quantum reflec-
tion (QR) so far, were obtained in an energy regime below
this and are thus no test for this criterion. A more ac-
curate theory on quantum reflection, developed by Coˆte´
and Friedrich [5, 6], predicts a much more gradual tran-
sition from the classical into the quantum regime.
In this Letter we present the first experimental evidence
for QR in a high energy range (up to 10−3 of the inter-
action potential well depth), therewith mapping out this
transition precisely.
In addition, the exact gas-surface potential parame-
ters are deduced, providing information on the surface
properties. The exact location within the interaction po-
tential at which QR takes place strongly depends on the
kinetic energy of the incident particle. The center of this
reflection region is situated approximately at some dis-
tance r0, where the kinetic energy equals the potential
one [6, 8]. In order to observe reflection from the at-
tractive branch of a hard wall potential it follows that
the kinetic energy of the atom must be smaller than the
potential depth V0. For realistic systems there is an addi-
tional effect: soft repulsive interaction alters the form of
the well near the minimum to be flatter than r−3, which
leads to a decrease of the critical energy below V0. When
reducing the incident kinetic energy, the reflection region
moves towards larger distances, i.e. away from the sur-
face, and the reflection amplitude increases. By varying
the incident energy the entire attractive part of the in-
teraction potential range can thus be sensitively probed.
In the limit of high impinging energies (close to V0) the
reflection coefficient shows asymptotic behavior. This
was analytically calculated by Pokrovskii et al. [1, 9]
for above-barrier reflection in the general case, and by
Friedrich et al. for the attractive atom-surface interac-
tion [6]. The reflection coefficient from a homogeneous
attractive potential −Cn/rn = − ~22m×(βn)n−2/rn, which
is a function of the distance r from the surface, takes the
asymptotic form:
Rasympn = exp[−2 · Bn · (kiβn)1−
2
n ], (1)
where the constant Bn depends on the power n of the
potential. The primary normal kinetic energy Ei of the
incident atom with mass m and the strength of the ho-
mogeneous potential are expressed in terms of the wave
number ki = ((2m/~
2) × Ei)1/2 and the length parame-
ter βn = ((2m/~
2)×Cn)1/(n−2), respectively, so that the
product kiβn is dimensionless. The parameters of the re-
flecting potential can thus be determined by measuring
2the asymptote (1) as a function of the normal incident
kinetic energy.
The long range attractive part of the interaction po-
tential between a neutral atom and the surface of a solid
is in general not homogeneous, but predicted to be well
described by the Casimir-van der Waals potential [6, 7]:
V (r) = − C4
r3(r + l)
, (2)
where l is the transition length between the two homoge-
neous parts of the potential: the van der Waals potential
−C3/r3 at the distance r ≪ l, and the retarded poten-
tial −C4/r4 = −C3l/r4 at r ≫ l due to the Casimir
effect [10].
This inhomogeneous potential yields two separate re-
flection coefficient asymptotes of the form (1), deter-
mined by the r−4 and r−3 parts, each one having its
own validity range:{
Rasymp4 (ki) for G4 ≪ kiβ4 ≪ ρ2, (3)
Rasymp3 (ki) for ρ
3 ≪ kiβ3 < (β3a )
3
2 . (4)
The distance a denotes the position of the potential min-
imum and the constants Bn, which enter in (1), are cal-
culated to amount B4 = 1.69443 and B3 = 2.24050. The
lower limit G4 = 0.35 [20] for kiβ4 defines the region of
high energies, Ei ≫ (2m/~2)2×G4/C4, where the reflec-
tion coefficient takes the analytic form (1).
The dimensionless parameter
ρ =
β3
β4
=
√
2m
~2
· C3√
C4
(5)
is characteristic for the atom-surface system in general
and determines the asymptotic behavior of the reflectiv-
ity: at ρ2 ≈ β3/a ≫ G4 only the asymptote (3) can be
observed, whereas when ρ2 6≫ G4 the asymptotic behav-
ior (4) dominates.
In order to measure the asymptote (4), determined
by the non-retarded van der Waals potential only, the
incident atom should have a normal incident energy
Ei ≫ C43/C34 = C3/l3. In the entire validity range of (3)
and (4) for high energy QR, the incident atom is reflected
relatively close to the surface. In the recent experiment
by Shimizu [7] exactly this asymptotic region was not
accessible, because the metastable Ne atoms they used
decay at the distance of some nm from the surface.
In this Letter, we report on the first observation of QR
of neutral helium atoms from an α-quartz crystaline sur-
face in the high energy limit. In this system the asymp-
totic behavior of the reflection coefficient is determined
by the non-retarded van der Waals potential only.
The experimental results presented here are obtained
on an apparatus designed for surface studies, using the
novel atomic beam spin echo technique [11]. In this
machine, the nuclear magnetic moments of 3He atoms
are manipulated, so as to obtain detailed information on
changes in the particle’s energy before and after scatter-
ing [12]. For the data here, however, the actual spin echo
part of the 3He spectrometer is of importance only in
as much as it allows us to determine the velocity distri-
bution in the beam precisely. The atomic 3He beam is
produced in a 500 µm diameter nozzle source, cooled by
a 4.2 K 4He bath cryostat, and detected in a commer-
cial mass spectrometer with a saturation rate of 2 MHz.
The target crystal is mounted in the scattering cham-
ber, half way between source and detector, and can be
manipulated around the 3 Cartesian axes for incident an-
gle θi, in-plane and azimuthal orientation. The detector
can be rotated in the horizontal plane to include a total
scattering angle 90◦ ≤ (θi + θf ) ≤ 180◦ with the inci-
dent beam [21]. Since the rotation axes of incident and
scattering angle are aligned to coincide, the specularly
reflected He atoms can be followed directly in a so-called
(θ−2θ)-scan, with an angular resolution of ∆θf ≈ 0.17◦.
Further details on the 3He spectrometer will be presented
elsewhere [13].
The QR experiment is performed on an α-quartz single
crystal having a diameter of 25 mm, a thickness of 1 mm
and a polish on both sides. The 3He-beam average ki-
netic energy E0 = 0.63 meV amounts to approximately
10 % of the He-quartz interaction potential well depth
V0 = 9.6 meV, reported in literature [14]. The atomic
beam has a wavelength distribution with a relative width
of circa 20 % at an average de Broglie wavelength of 6 A˚.
AFM measurements, performed prior to chemical etching
of the quartz sample, indicate a randomly stepped sur-
face structure. The terrace width is of the order of hun-
dred nm and their height is Gaussian distributed with
width ≈ 12 A˚. Because of an atomic roughness within
the terraces, there is no specular reflection from the re-
pulsive potential wall. Indeed, when scattering electrons
(LEED), 4He or 3He atoms close to normal incidence
from the surface, no reflectivity could be detected. How-
ever, upon incrementing θi beyond 84
◦ a rapidly growing
3He specular intensity is measured. By increasing the
impinging angle, the incident kinetic energy of the atom
perpendicular to the surface Ei = E0 cos
2 θi is decreased.
For θi ranging from 84
◦ to 89.73◦, this means a reduction
of the average normal energy from 6.9 µeV down to 14
neV, corresponding to 10−3, respectively 10−6 of V0. The
angular width of the reflected peak at this grazing inci-
dence is machine limited. No broadening of the specular
peak, as measured for classical reflection from stepped
surfaces [15], is observed. The coherence length (or trans-
fer width) for specular reflection, ω = λdB/(∆θi×cos θi),
is 0.2 µm at normal incidence, and ranges from 2 µm up
to 42 µm for the angular range in which QR is measured.
The surface area illuminated by the atomic beam and
the fraction of atoms actually involved in the scattering
experiment depend on the incident angle. This was de-
termined in an independent measurement and taken into
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FIG. 1: Reflection coefficient as a function of the dimen-
sionless average incident wave number kia (proportional to
cos θi). Open circles: Experimental data from the stepped
surface. Full circles: Corrected data, representing QR from
the smooth surface. Solid line: Computer simulation using
the potential (2) with the parameters (7) and (8).
consideration when analyzing the data.
Fig. 1 shows the resulting reflection coefficient as a
function of the dimensionless average normal wave num-
ber kia = 2pi cos θi(a/λdB), with a = 2.65 A˚ being the po-
sition of the potential minimum [14]. For a constant en-
ergy beam, the normal wave number is varied by chang-
ing the incident angle θi. Open circles in the figure rep-
resent the experimental data from the randomly stepped
surface. Since the step height distribution is Gaussian
with width σ <∼ 12 A˚, the terraces are wide and the illu-
minated surface area consists of a large number of them,
the reflection coefficient of the rough surface (open cir-
cles) can be related to that of a smooth one (full circles),
through
Rrough(ki) = e
−4σ2k2
i ·
∫ θ
0◦
f(θ) dθ∫ 90◦
0◦ f(θ) dθ
· Rsmooth(ki). (6)
The first term quantifies the reduction of the reflection
coefficient due to dephasing of the wave function upon
scattering from terraces at different heights. This effect
is more pronounced at higher energy, because then the
de Broglie wavelength normal to the surface, λdB/ cos θi,
becomes comparable to σ. The second factor in (6) takes
into account the loss of atoms hitting the steps from
the side and becomes noticeable only at grazing inci-
dence. Here, θ = (90◦ − θi) and f(θ) = (L/σ)/
√
2pi ×
exp(−(L tan θ/σ)2/2) describes the probability, that a
step has height L tan θ. In Fig. 1, the average terrace
width L is taken to be L = 75 nm and σ = (10± 2) A˚.
The error bars on the corrected data (full circles) con-
tain both the statistical experimental error and the un-
certainty in σ.
We can now directly compare the corrected experi-
mental data with a computer simulation for QR from
a smooth surface (solid line). Our calculation is based
on the method suggested in [5] for an attractive poten-
tial of the form (2) and shows very good agreement with
the data. This method matches the WKB wave function
to the exact solution of the Schro¨dinger equation in ev-
ery point of the interaction. We have seen no significant
difference when including the entire wavelength distribu-
tion (as determined using the spin echo technique) in the
simulation instead of just the average value of λdB.
The C4 coefficient for the inhomogeneous interaction
potential (2) entering into the computer simulation, can
be written as [7, 16]
C4 =
1
4piε0
· 3~cα
8pi
· φ(ε) · ε− 1
ε+ 1
= 23.6 eVA˚
4
. (7)
Herein, α = 2.3 × 10−41 Fm2 denotes the polarizability
of the incident He atom and ε = 4.5 is the dielectric con-
stant of the α-quartz crystal [17]. The terms containing ε
in expression (7) correct the interaction with a dielectric
surface for that with a conductive one, whereby φ(ε) is
found in [16]. The transition length l, the only adjustable
parameter in the simulation, is determined to be
l = (10± 1) nm (8)
in order to give best agreement with experiment. This
value is in perfect agreement with the wavelength
λ/(2pi) = 9.4 nm corresponding to the atomic transition
between the electronic ground and the first excited state
in helium. In addition, the important dimensionless pa-
rameter ρ characterizing our system and defined in (5)
then becomes
ρ = 1.9± 0.2. (9)
ρ being so small, the asymptotic behavior of the reflection
coefficient is expected to be determined entirely by the
non-retarded interaction potential−C3/r3. That is, from
the two high energy asymptotes only the higher one (4)
should be observed. For our system this lies at incident
energies Ei ≫ 7 10−6 × V0 = 69 neV, corresponding to
incident angles θi ≪ 89.40◦. Our experimental data ac-
quired at non-grazing incidence are expected to get very
close to this asymptote.
Replotting the reflection coefficient on a ln(− ln)-scale
as a function of ln(kia) turns the asymptotic behav-
ior (1) into a straight line, as shown in Fig. 2. From
ln(− ln(R)) = ln(2Bn(βn/a)1−2/n) + (1 − 2/n)× ln(kia)
full information on the homogeneous part of the reflecting
potential can be obtained: the slope gives the potential
power n and the ordinate axis intercept yields the length
parameter βn (and therewith Cn).
The high energy asymptote for the non-retarded branch
(n = 3) in Fig. 2 results in a van der Waals coefficient
C3 = 236 meV A˚
3.
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FIG. 2: Reflection coefficient on a ln(− ln)-scale in depen-
dence on ln(kia). Full circles and solid line correspond to
those in Fig. 1. The straight solid line of the slope 1/3 shows
the high energy asymptote (4) with β3 = 347 A˚. The straight
solid line at small ln(kia), which has slope one and the ordi-
nate axis intercept ≈ ln(2.4β3/a) for ρ ≈ 1.9 [6], represents
the low energy asymptote.
Kunc et al. [14] calculate the potential power n to vary
from 3.8 to 6 within the distance r < 50 A˚. Their poten-
tial follows (2) with the given parameters only at the
distances <∼ 10 A˚ from the surface. This is perfectly con-
sistent with the authors not including retardation in their
model. As an independent check of the resulting attrac-
tive potential the parameters for the potential minimum
with and without retardation are calculated. The latter
show agreement within 3% with the values given in [14].
In contrast, potential parameters can principally not
be derived from the near-threshold Ei → 0 asymptote [6]
on a ln(-ln)-scale (the lower-left straight line in Fig. 2)
in a single experiment only. This straight line always
has slope one, independent on the order n of the interac-
tion. Moreover, its ordinate axis intercept is a function
of ρ [22].
In conclusion, ground state 3He atoms allow exper-
imental access to the high energy behavior of quantum
reflection from the attractive potential they sense from an
α-quartz surface. We confirm the high energy asymptotic
expression given by (1) and show that it is determined
by the non-retarded van der Waals potential only. Devia-
tion of the experimental data from this asymptote shows
that the interaction potential near the surface falls off
steeper than a pure van der Waals potential. This is due
to the influence of Casimir forces even at the distance
of 30 A˚ above the surface. Our analysis, based on the
complete theory on QR and covering the entire energy
range, shows excellent agreement with the experimental
data for the potential coefficients C4 = 23.6 eVA˚
4 and
l = (10±1) nm. The interaction potential compares well
to the one calculated by Kunc et al. [14] in the vicinity
of the potential minimum. Moreover, l perfectly matches
the transition wavelength from the electronic ground to
the first excited state of He .
The limited saturation rate of the detector and the
relatively large value of σ prevented us from measuring
the reflection at energies > 10−3V0. We are currently
using a highly efficient mass spectrometer detector [18],
in order to explore an even higher energy range for QR
where the influence of the repulsive wall becomes visible.
We are grateful to the Konrad-Adenauer-Stiftung fel-
lowship for supporting the work of V.D.
[1] V. L. Pokrovskii, S. K. Savvinykh, and F. K. Ulinich,
Sov. Phys. JETP 34, 879 (1958).
[2] N. T. Maitra and E. J. Heller, Phys. Rev. A 54, 4763
(1996).
[3] C. Henkel, C. I. Westbrook, and A. Aspect, J. Opt. Soc.
Am. B 13, 233 (1996).
[4] C. Carraro and M. W. Cole, Prog. Surf. Sci. 57, 61
(1998).
[5] R. Coˆte´, H. Friedrich, and J. Trost, Phys. Rev. A 56,
1781 (1997).
[6] H. Friedrich, G. Jacoby, and C. G. Meister, Phys. Rev.
A 65, 032902 (2002).
[7] F. Shimizu, Phys. Rev. Lett. 86, 987 (2001).
[8] J. Bo¨heim and W. Brenig, Z. Phys. B 48, 43 (1982).
[9] V. L. Pokrovskii, F. K. Ulinich, and S. K. Savvinykh,
Sov. Phys. JETP 34, 1119 (1958).
[10] H. B. G. Casimir and D. Polder, Phys. Rev. 73, 360
(1948).
[11] M. DeKieviet, D. Dubbers, C. Schmidt, D. Scholz, and
U. Spinola, Phys. Rev. Lett. 75, 1919 (1995).
[12] M. DeKieviet, D. Dubbers, M. Klein, C. Schmidt, and
M. Skrzipczyk, Surf. Sci. 377-379, 1112 (1997).
[13] M. DeKieviet, D. Dubbers, and C. Schmidt, to be pub-
lished in Phys. Rev. A (2002).
[14] J. A. Kunc and D. E. Shemansky, Surf. Sci. 163, 237
(1985).
[15] G. Comsa and B. Poelsema, in Atomic and Molecular
Beam Methods, edited by G. Scoles (Oxford University
Press, 1992), p. 473.
[16] I. E. Dzyaloshinskii, E. M. Lifshitz, and L. P. Pitaevskii,
Adv. Phys. 10, 165 (1961).
[17] in CRC Handbook of Chemistry and Physics, edited by
R. C. Weast (Florida, 1979-1980).
[18] M. DeKieviet, D. Dubbers, M. Klein, U. Pieles, and
C. Schmidt, Rev. Sci. Instr. 71(5), 1 (2000).
[19] F. Shimizu and J. Fujita, J. Phys. Soc. J. 71, 5 (2002).
[20] G4, given for a general case in [1], is calculated here
explicitly for atom-surface interactions. In [6] this lower
limit was taken to be unity.
[21] Incident (θi) and reflected (θf ) angles are measured with
respect to the surface normal.
[22] In a recent experiment [19], Shimizu et al. investigate a
single system, but vary C3 by changing the surface den-
sity. In this case, it is in fact possible to extract informa-
tion on the potential and to confirm Friedrich’s theory
on the low energy asymptote.
